Background: Perilipin A (PeriA) exclusively locates on adipocyte lipid droplets and is essential for lipid storage and lipolysis. Previously, we reported that adipocyte specific overexpression of PeriA caused resistance to diet-induced obesity and resulted in improved insulin sensitivity. In order to better understand the biological basis for this observed phenotype, we performed additional studies in this transgenic mouse model.
Introduction
The metabolic syndrome is an accumulation of risk factors of cerebrovascular and cardiovascular disease such as diabetes, dyslipidemia and hypertension [1] . Increased visceral fat and elevated lipolysis cause dysfunction of various organs and abnormal production of adipokines [2] . Therefore, when considering the pathophysiology of the metabolic syndrome, it is extremely important to understand the mechanisms of lipid storage and release (lipolysis) in adipocytes. Within adipocytes, triglyceride is predominately stored within lipid droplets that are surrounded by a phospholipid monolayer containing various lipid droplet proteins. These proteins belong to the PAT family which contains Perilipin, ADRP/adipophilin, TIP47, MLDP (OXPAT/ LSD5) and S3-12 which all have homology in their N-terminal sequence [3] . Perilipin (Peri) is the predominant protein present on the surface of lipid droplets in fat cells of white/brown adipose tissue and steroid producing cells [4] . Perilipin A (PeriA) is the most abundant adipocyte lipid phosphoprotein, which is activated by protein kinase A (PKA) and is considered to play a central role in regulating lipid metabolism in adipocytes by controlling various proteins [5] . Ablation of PeriA from white adipose tissue (WAT) causes dysregulation of adipocyte lipid storage characterized by increased basal lipolysis and decreased PKA-stimulated lipolysis and results in a dramatic reduction in WAT mass [6, 7] . The role of PeriA in WAT is to suppress lipolysis in the absence of PKA stimulation, and enhance lipolysis (,100 fold) with PKA stimulation [8, 9] .
Recently, fat specific protein 27 (FSP27 or Cidec) was identified as a protein which localizes on the surface of lipid droplets in white adipocytes and contributes to energy storage by promoting the formation of unilocular lipid droplets [10, 11] . FSP27 deficiency dramatically reduced WAT mass and induced a brown adipocytelike morphology in the WAT via reducing the factors inhibiting brown adipocyte differentiation such as receptor interacting protein 140 (RIP140) and increasing brown adipocyte-specific genes or key metabolic controlling factors such as PPAR coactivator 1a (PGC1a [1112] .
Previously, we generated transgenic mice which overexpressed either human or mouse PeriA specifically in adipocytes and studied these mice in the context of obesity and lipid/glucose metabolism [13] . When challenged with a high fat diet (HFD), both human and mouse PeriA Tg mice gained less weight, and had reduced WAT mass, though their food intake was similar to that of wild type (WT) mice. In this manuscript, we performed further studies in this human PeriA Tg mouse model to investigate the mechanisms of obesity-resistance and metabolic changes.
Results
Increased oxygen consumption and energy expenditure in PeriA Tg mice Consistent with our previous study [13] , body weight and subcutaneous and gonadal WAT mass were reduced in HFD-fed Tg mice as compared to HFD-fed WT mice (data not shown). With regard to energy metabolism, whole-body oxygen consumption rate (VO 2 ) in HFD-fed human PeriA Tg mice was markedly higher than that of WT controls ( Figure 1A ). Twenty-four-hour oxygen consumption and energy expenditure were significantly increased in Tg mice maintained on a HFD and this difference was maintained after correction for differences in fat pad mass compared with the corresponding values for WT mice ( Figure 1B , C). Furthermore, we measured oxygen consumption of white adipocytes isolated from PeriA Tg and wild-type mice to examine their mitochondrial function. Consistent with our metabolic chamber data in vivo, both basal and norepinephrine (NE) stimulated oxygen consumption tended to be increased in white adipocytes isolated from PeriA Tg mice ( Figure S1 ).
Up-regulation of brown fat associated transcriptional factors, and down-regulation of lipid synthesis genes in WAT of Tg mice Subsequently we employed DNA microarray analysis on WAT from Tg and WT mice. We observed increased expression of genes associated with fatty acid b-oxidation and heat production, and a decrease in the genes involved in lipid synthesis (Table 1, Figure 2 ). To validate these microarray data, we next performed real-time PCR on selected gene targets. Consistent with the metabolic chamber data, we confirmed significant increases in the expression of Cpt1 (WT 1.0060.15 vs. Ectopic expression of UCP1, a brown adipose tissue specific protein, in white adipose tissue of PeriA Tg mice Uncoupling protein-1 (UCP1) functions to uncouple oxidative phosphorylation and converts the proton gradient energy to heat to maintain body temperature. It is thought to be expressed exclusively in brown adipocytes, and is considered a specific marker of brown adipocytes [14] . We confirmed the ectopic expression of Ucp1 in the WAT of Tg mice by microarray and real-time PCR (Table 1, Figure 4A ). UCP1 protein expression in the WAT of Tg mice was subsequently verified by both western blotting ( Figure 4B ) and histological immunostaining ( Figure 4C ). However, despite being increased, the UCP1 expression in WAT of Tg mice was much less than was present in brown adipose tissue ( Figure S2 ). Histological analysis revealed that UCP1 was expressed in the smaller adipocytes in the WAT of Tg mice, but not in the WAT of WT mice. In addition, the previously reported increase in CPT1 gene expression ( Figure 3A ) in WAT of Tg mice was also confirmed by Western blotting ( Figure 4B ).
The abundance of the lipid droplet protein FSP27 is reduced in the WAT of PeriA Tg mice
The mRNA expression of the lipid droplet protein Fsp27 was significantly decreased in the WAT of PeriA Tg mice compared with WT mice (WT 1.0060.22 vs. Tg 0.1860.05, p = 0.0007) ( Figure 5A ). Similarly, protein expression of FSP27 and RIP140 were decreased in Tg mice ( Figure 5B ). As would be expected, the protein content of PeriA was clearly increased in the WAT of Tg mice when compared to control ( Figure 5B ).
Expression of FSP27 was directly attenuated by PeriA overexpression in vitro
To further study the relationship between the expression of PeriA and FSP27 in adipocytes, we used an adenoviral system to overexpress human PeriA in cultured 3T3-L1 adipocytes. Overexpression of PeriA resulted in a dramatic reduction in lipid droplet size in cultured 3T3-L1 adipocytes ( Figure 6A ). This reduction in lipid droplet size was accompanied by a decrease in FSP27 protein expression ( Figure 6B ). These observations are consistent with our in vivo data from the WAT of the PeriA Tg mice. FSP27 locates on the surface of lipid droplets much like PeriA and functions to promote the formation of unilocular lipid droplet in white adipocytes [11] . Interestingly, our western blot data reveal that there is an inverse relationship between expression of PeriA and FSP27 ( Figure 6B ). Furthermore, we analyzed the mRNA expression level for genes involved in adipocyte differentiation, lipid synthesis, and fatty acid b-oxidation in PeriA-overexpressed 3T3-L1 samples. Consistent with our observations in the WAT of Tg mice, we observed downregulation of Rip140 and up-regulation of Pgc1a. Also, we observed increased expression of genes associated with fatty acid oxidation and mitochondrial biogenesis, and a decrease in the genes associated with lipid synthesis ( Figure 6C ). 
Discussion
It has been previously reported that Peri knockout mice lack the ability to store lipid due to a chronic low level of lipolysis, and therefore have diminished adipose depots and are obesity-resistant [6, 7] . We initially hypothesized that overexpression of PeriA in Tg mice would cause increased storage of lipid in adipose tissue and promote an obese phenotype. However, our original characterization of the PeriA Tg mice revealed that these animals had less adipose tissue and were resistant to diet-induced obesity [13] . We suggested that one mechanism underlying the resistance to HFDinduced obesity in PeriA Tg mice was an upregulation of oxidative genes in brown adipose tissue (BAT) [13] . In the current study, we further analyzed various metabolism-related proteins in WAT, and confirmed that the expression of genes related to b-oxidation and thermogenesis were increased in WAT as well as BAT. We performed a microarray to expand these initial findings. Our DNA microarray and RT-PCR data revealed an upregulation of Ucp1, a brown adipocyte specific protein, in WAT of Tg mice. This increase was also confirmed by Western blot analysis. Histological analysis of the WAT demonstrated the robust expression of UCP1 protein within small adipocytes that were located between larger white adipocytes. These small adipocytes are not observed in the WAT of WT mice and appear to have a morphology more similar to brown adipocytes. While only a small number of adipocytes appear to adopt this brown-like phenotype within the WAT of Tg mice, it has recently been reported that these ''brite'' (brown-inwhite) adipocytes are metabolically significant as they can counteract obesity by contributing to thermogenesis [15] . The observed reduction in lipid droplet size and decreased mRNA expression of lipogenic genes in WAT of Tg mice might be a secondary change caused by increased fatty acid oxidation. However, it is possible that overexpression of PeriA results in a direct reduction in lipid droplet size and expression of lipogenic genes as we observed a reduction in lipid droplet size when PeriA was overexpressed in culture.
In recent reports about development and differentiation of adipocytes, it is recognized that the adipoblasts, which are derived from mesenchymal stem cells and exist around capillaries in adipose tissue, will be differentiated to brown adipocytes by factors such as PRDM16, BMP7, or PGC1a [16] [17] [18] [19] . In contrast, when RIP140, a co-repressor of many nuclear receptors is present, the adipoblasts will be differentiated into white adipocytes [16, 20] . RIP140 is also reported to interact directly with PGC1a and suppress its activity [21] . These facts suggest the possibility that progenitor adipocytes could develop into brown adipocytes by changing the gene expression of these key metabolic controlling factors. In this study we observed a remarkable decrease of Rip140 mRNA and increase of Pgc1a mRNA. These data suggest a potential mechanism for the observed increase in UCP1 expression with PeriA overexperssion. We hypothesize that PeriA overexpression alters the expression of these key regulators of differentiation in adipoblasts which are present in WAT and causes these progenitor adipocytes to differentiate into brown adipocytes.
Overexpression of PeriA in vivo causes a reduction in FSP27 protein expression. Consistent with this observation, we demonstrated in vitro an inverse relationship exists between FSP27 protein expression and PeriA expression. This phenomenon is likely due to a simple competition theory because both proteins preferentially locate to lipid droplets. Recently, FSP27 knockout mice have been described to have a phenotype of obesity-resistance, elevated oxygen consumption, extremely reduced WAT mass and smaller white adipocytes with multilocular lipid droplets [11, 12] . In addition, genes related to fatty acid b-oxidation and mitochondrial biosynthesis were significantly increased in FSP27 knockout mice [11, 12] . These data are very similar to the data presented in this manuscript where we report that PeriA overexpression causes a significant reduction in FSP27 which is associated with decreased adipocyte size, upregulation of genes involved in fatty acid oxidation and a decrease in lipogenic genes. Our data suggest that the attenuation of FSP27 by overexpression of PeriA was the trigger for the down-regulation of RIP140 and up-regulation of PGC1a, which caused progenitor adipocytes to differentiate into brown adipocytes rather than white adipocytes. This increase in brown adipocyte-like metabolic activity resulted in an increase in energy expenditure. Although FSP27 acts as a regulator to control gene expression of crucial metabolic regulators [12] , the mechanism of how the lipid droplet related structural protein FSP27 reduces the expression of transcriptional factor RIP140 has not been clarified and requires further investigation. We hypothesize that a change of intracellular environment in the adipocyte itself such as ''the size of the lipid droplets'' or ''the composition of the lipid droplet proteins'', can alter the characteristics of the adipocyte.
We revealed that PeriA overexpression results in resistance to diet-induced obesity, increased energy expenditure and reduced lipid synthesis in vivo, and that the basis for these effects was the induction of a a BAT-like phenotype in WAT due to a decrease in FSP27 expression. Our data suggest that modulation of lipid droplet proteins in white adipocytes is a potential therapeutic strategy for the treatment of obesity and its related disorders.
Materials and Methods

Ethics Statement
All animal care and experimental procedures in this study were approved by Hokkaido University Animal Experiment Committee (approval number: 08-0358) and carried out according to guidelines for animal experimentation of Hokkaido University.
Antibodies
Polyclonal anti-perilipin antibody was generated as previously described [22] . Anti-UCP1 antiboby was a kind gift from Prof. Teruo Kawada (University of Kyoto, Kyoto, Japan) [23] , and anti-FSP27 antibody was generated by Dr. Yoshikazu Tamori, et al (Kobe University, Kobe, Japan) [11] . Anti-RIP140 antibody was purchased from Abcam plc (Cambridge, UK). Anti-actin antibody, anti-CPT1 antibody, and horseradish peroxidase-conjugated antigoat IgG were purchased from Santa Cruz Biotechnology Inc (Santa Cruz, CA). Horseradish peroxidase-conjugated anti-rabbit IgG was purchased from BIO-RAD Laboratories (Hercules, CA).
Animal experiments
We generated transgenic mice that overexpressed human PeriA using the adipocyte specific aP2 promoter/enhancer [13] . All PeriA Tg mice used for the study were female, and heterozygous for the transgene. Littermates that lacked the transgene were used as controls (WT). Relative to WT littermates, PeriA protein levels were increased 2-fold in WAT and 5-fold in BAT of Tg mice. Mice were housed in a pathogen-free barrier facility at the Institute for Animal Experimentation at Hokkaido University. All mice were housed at room temperature, maintained on a 12 h light/dark cycle, given free access to water, and fed a standard chow diet (5.3% calories from fat; Oriental Yeast Co., ltd. MF, Tokyo, Japan) or a HFD (60% calories from fat; Research Diets #D12492, New Brunswick, NJ) for 25 weeks (from the age of 5 weeks to 30 weeks). Food intake and body weight were monitored weekly. On the day prior to tissue harvest at 30 weeks, food was removed at 21:00 h for an overnight fast. After the anesthetization with isoflurane (Abbott Japan, Tokyo, Japan), WAT from visceral (perigonadal) and subcutaneous depots were rapidly dissected out and processed for subsequent analysis.
Measurement of oxygen consumption of HFD-fed Tg mice
Oxygen consumption of 30-week-old mice in the fed condition was measured with an open-circuit-type metabolic chamber (MM202R; Muromachi Kikai, Tokyo, Japan) every 3 minutes for 48 hours (12-hour dark/12-hour light cycle) at 25uC. Data were normalized to fat-corrected body weight (BW -the mass of subcutaneous and perigonadal white adipose tissue). Energy expenditure was calculated using the following formula: ([1.076 respiratory quotient +3.98]6 VO 2 64.2660/body weight of a mouse). Measurement of oxygen consumption in isolated white adipocytes was performed as previously described [11] .
DNA microarray analysis
Total RNA extraction was performed by using Ribopure Kit (Ambion, Austin, TX), according to the manufacturer's instructions. To minimize individual variation as a source of geneexpression variance, RNA samples were pooled, one pool representing the three HFD-fed Tg mice (4mg from each sample) and one representing the three HFD-fed WT mice (4mg from each sample). RNA (2mg from each pool) was reverse transcribed to cDNA and tagged with biotin with one-cycle target labeling and hybridized according to the standard protocol using Mouse Genome 430 2.0 array (Affymetrix), which was then washed, stained, and scanned. The results obtained from these samples were analyzed with the GeneChip Operating Software ver1.4. The detection algorithm uses probe pair (includes perfect-match (PM) and mismatch (MM)) intensities to generate a detection pvalue and assign a Present, Marginal, or Absent call. A two-step procedure determines the detection p-value for a given probe set: the first step calculates the discrimination score R for each probe pair, by a formula R = (PM2MM)/(PM+MM). The second step tests the discrimination scores against the user-definable threshold Tau. The One-Sided Wilcoxon's Signed Rank test is the statistical method employed to generate the detection p-value. It assigns each probe pair a rank based on how far the probe pair discrimination score is from Tau. The detection p-value cut-offs, Alpha 1 (a1) and Alpha 2 (a2), provide boundaries for defining Present, Marginal, or Absent calls. Any p-value that falls below a1 is assigned a 'Present' call, and above a2 is assigned an 'Absent' call. Marginal calls are given to probe sets which have p-values between a1 and a2. The settings of quantitation parameters were: a1 = 0.05, a2 = 0.065, Tau = 0.015. The genes detected to be 'Present' in the data from the microarray were passed to further analysis. Signal is a quantitative metric calculated for each probe set, which represents the relative level of expression of a transcript. The signal log ratio estimates the magnitude and direction of change of a transcript, which is calculated by log 2 (Signal of Tg/Signal of WT). Differentially expressed probe sets were selected based on filtering by signal log ratio under 20.3 or over 0.3. The microarray data files have been submitted to the Gene Expression Omnibus (GEO) and the accession number is GSE21754.
Quantitative PCR
For each gene that was determined to have expression differences in the DNA microarray, we evaluated actual differences by real-time PCR. cDNA was synthesized from 0.5mg of total RNA (High Capacity RNA-to-cDNA kit, Applied Biosystems, Warrington, UK). Real-time PCR was performed in triplicate on a 7500 Fast Real Time PCR system in 20ml total volume reactions using SYBRH Green PCR Master Mix (Applied Biosystems, Warrington, UK). Primers were designed using Primer Express. Data were analyzed by comparative critical threshold (Ct) method [24] and normalized to an endogenous control gene (36B4: acidic ribosomal phosphoprotein P0). Percent difference was calculated by 2 2ddCt . The primers (sense and antisense, respectively) were as follows: 36B4, 59-GAG GAA TCA GAT
Immunoblot analysis
Frozen subcutaneous WAT was homogenized in a Tris-EDTA buffer containing 10mM Tris/HCl (pH7.4) and 1mM EDTA, centrifuged for 10 minutes at 4uC, 800g and collected middle layer [25] . Equal amounts (30mg) of proteins were separated on 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. Primary antibodies used were UCP1 (1:3000), CPT1 (1:1000), FSP27 (1:500), RIP140 (1:1000), PeriA (1:2000) , and Actin (1:2000) . Actin was used as a loading control. Secondary antibodies were horseradish peroxidase-conjugated anti-rabbit IgG (UCP1, FSP27, RIP140 and PeriA) or anti-goat IgG (CPT1 and Actin). Western blot analysis was performed using Amersham ECL Advance Western Blotting Detection Kit (GE Healthcare, Little Chalfont, UK) and detection was made using a CCDcamera system LAS-4000UVmini (Fujifilm, Tokyo, Japan).
Immunohistochemistry
Subcutaneous WAT were dissected, fixed, embedded in paraffin, and sectioned. Sections were deparaffinized, treated with 1% H 2 O 2 methanol, pre-incubated with 10% goat serum and exposed to primary antibodies: UCP1 (1:1000), perilipin as positive controls (1:100). Sections were then incubated with Biotin-conjugated anti-rabbit IgG, treated with peroxidase-conjugated streptavidin, and stained with DAB substrate kit (Nichirei Bioscience, Tokyo, Japan).
Cell culture and transfection
3T3-L1 preadipocytes were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) and seeded on 12-well plates. After reaching confluence, cells were differentiated using 10mg/ml insulin, 0.5mM 3-isobutyl-1-methylxanthine, 1mM dexamethasone in DMEM containing 10% fetal bovine serum (FBS). Following 48 h of incubation, medium was replaced with DMEM only containing 10% FBS, and recombinant adenovirus expressing the construct of PeriA was transduced into the cultured cells with LipofectAMINE Plus TM (Invitrogen, Carlsbad, CA) which protocols were previously described [9, 26, 27] . The human PeriA vector was generated and verified as previously described [13] , and various amounts of the vector was transfected to investigate relationships between expressional levels of PeriA and FSP27, and size of lipid droplets [28] . 5 days after transfection, cells were fixed for histology or harvested for immunoblot analysis or quantitative PCR as described above.
Statistical analysis
Data were analyzed using two-sided Student's t-test and significance was set a p,0.05. Results are presented as mean values 6 SEM. Figure S1 Oxygen consumption of adipocytes isolated from inguinal WAT of wild-type and PeriA Tg mice. An arrow indicates the addition of 10mM norepinephrine (NE). Data are mean 6 SEM of values from three independent experiments. (177KB TIF) Figure S2 Western blot analysis showing UCP1 protein expression in both BAT and inguinal WAT of WT and Tg mice fed a chow diet. Equal amount (30mg) of proteins was electrophoresed. Actin was used as a loading control. (511KB TIF) 
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